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ABSTRACT 
This thesis documents research on ionic liquids as lubricants for 
aluminium in moving contact with steel. Aluminium is the third 
most abundant element and, along with its alloys, exhibits an 
excellent strength-to-weight ratio. Unfortunately, it performs poorly 
in tribological applications, particularly when in contact with harder 
materials such as steel, which severely limits its use to structural 
applications. If aluminium and its alloys could be used in a wider 
range of applications, through the use of appropriate lubrication, the 
weight savings could lead to reductions in energy use.  
 Properties such as low volatility and thermal stability, along with 
the wide range of molecules available, make ionic liquids perfect 
candidates as lubricants in a range of applications. Through the 
selection of appropriate molecules based on the needs of the 
application, ionic liquids can be tailored to successfully perform 
particular tasks. From a review of the literature, the properties 
required of a lubricant for aluminium were identified and a range of 
candidate ionic liquids was selected for study as lubricants for an 
aluminium-steel system. 
 Through systematically varying the cation and anion of these 
candidate ionic liquid lubricants and evaluating their wear 
performance, it is clear that the structure of the individual anions 
and cations, particularly alkyl chain length, asymmetry and the type 
of elements present, are important in determining the lubricating 
ability of an ionic liquid for aluminium. However, it isalso shown 
that the way a particular anion and cation combine will affect 
properties such as viscosity, conductivity and ion-pairing of the 
overall ionic liquid, which also influence how it performs as a 
lubricant. These properties are shown to be important whether the 
ionic liquid is being used as a lubricant in the neat form or as an 
anti-wear additive to a base oil. As a practical anti-wear additive an 
ionic liquid needs to be miscible in the base oil and this is shown to 
depend on the structure and properties of both the ionic liquid and 
the base oil. It is suggested that interactions between the ionic liquid 
and the base oil are also important; if the ionic liquid is not free to 
adsorb at the surface its performance is reduced. 
 When explored as anti-wear additives to base oils it is shown that, 
at certain loads, the friction and wear decreases as the amount of 
ionic liquid present increases. However, surface analysis of the wear 
scars shows tribofilms of a similar thickness forming, regardless of 
the amount of ionic liquid in the base oil. This suggests that the 
ability of the ionic liquid to adsorb to the surface and form multiple 
anion/cation layers may be as important in protecting the 
aluminium surface as the tribofilms formed as a result of the ionic 
liquids breaking down and reacting with the surface. 
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 1 
INTRODUCTION 
In tribological applications there is a constant drive to reduce energy 
consumption and increase service life and service intervals. To help 
achieve this, lubricants and additives that will reduce both friction 
and wear are constantly being developed. These new lubricant 
systems can improve the performance of an established tribological 
system or enable the use of previously incompatible materials for a 
given application, such as aluminium alloys in moving contact with 
steel. An increase in the use of light-weight materials such as 
aluminium alloys would result in reduced energy consumption, 
particularly for transport applications. 
 Aluminium alloys are currently used in many structural 
applications in the automotive and aerospace industries, due to their 
high strength to weight ratio, corrosion resistance and high thermal 
conductivity1-3. However, aluminium alloys have limited 
applications in tribological applications, as high wear and seizure 
are likely to occur, especially when in contact with steel1. An 
improvement in the lubrication of steel on aluminium could lead to 
simplified production techniques, weight savings and/or new 
applications.  
 The main requirement for a lubricant is to maintain a separation 
between moving parts to minimise wear and friction. At low loads 
and/or high speeds, the pressure of the lubricant is enough to form 
a fluid film between the moving parts that reduces wear and friction, 
as shown in Figure 1a. The viscosity of the lubricant is the most 
important determining factor of a lubricant in this regime. As the 
load increases, or speed reduces, the moving parts come closer 
together as the lubricant is squeezed out. In this boundary regime it 
has been shown that oil additives with long polar molecules that 
adsorb onto the surface of the moving parts work well to reduce 
friction and wear4. These boundary lubricants bond to each surface 
in molecular layers and it is these layers that are able to slide past 
each other to resist metal-metal contact. At increased loads, as 
shown in Figure 1b, the moving parts begin to come into contact 
with each other as the boundary lubricant can no longer withstand 
the applied force. In this wear regime, extreme pressure additives in 
oils, such as zinc-dialkyl-dithiophosphate (ZDDP) for steels, are 
thought to breakdown as a result of the pressure and localised 
heating and react with the surface to form low friction layers, called 
extreme pressure (EP) layers, or tribofilms, that subsequently reduce 
wear and friction5. However, ZDDP has been shown to be 
incompatible with aluminium alloys and a viable alternative is yet to 
be found5, 6.   
1 
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Figure 1: Lubrication regimes. 
 It has been suggested that the presence of elements such as 
phosphorus, fluorine, sulphur, boron, oxygen and nitrogen may be 
important for the formation of extreme pressure layers on 
aluminium alloy surfaces1, 7-9. Candidate lubricants for the 
steel/aluminium system should be designed to include such 
elements. 
 Ionic liquids (ILs) are a class of materials that have recently 
received an increasing amount of attention by both the research and 
industry communities. ILs are salts that are liquid at or near room 
temperature; by definition an ionic liquid melts below 100°C. This 
low melting temperature arises from the chemistry and structure of 
the ionic components of the IL, which are usually weakly co-
ordinating, due mainly to the large asymmetrical shape of the cation, 
as well as charge delocalisation, in particular on the anion. ILs 
possess properties that make them excellent candidate materials as 
lubricants or lubricant additives, such as low volatility and thermal 
stability and they can be designed to be task specific by including 
properties that will improve their performance in a targeted area. 
For instance the alkyl chain length can be increased to maximise 
adsorbed film thickness and elements such as phosphorus, that react 
with the surface to form protective tribofilms, can be included in 
either or both of the constituent ions of the IL. 
 The published paper in Chapter 2 contains a detailed review of 
the current research on ionic liquids as lubricants and lubricant 
additives. 
1.1 Scope and Aims 
The work documented in this thesis investigates the use of ionic 
liquids as lubricants for the steel/aluminium system. The specific 
aims of the research project are: 
• Based on the literature, identify possible ionic liquid 
lubricant structures that will lead to low friction and wear 
for a steel/aluminium wear system. 
• Systematically vary anion and cation structure to identify 
factors that affect the lubricating ability of neat ionic liquids. 
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• Systematically vary base oil, anion and cation structure to 
identify factors that affect the miscibility and lubricating 
ability of ionic liquids as anti-wear additives in base oils. 
 
 The path of investigation is covered by four research papers that 
are included in Chapters 3-6.  
 As mentioned above, according to tribology literature, additives 
with long alkyl chains can form wear resistant boundary layers, 
while the presence of certain elements, such as fluorine, nitrogen, 
boron and phosphorus, could lead to tribo-chemical reactions that 
result in protective tribolayers for the aluminium/steel system. 
Early ionic liquid research was consistent with this tribology 
literature, indicating that the presence of longer alkyl chains, 
predominantly on the cation, resulted in reduced friction and wear, 
while the presence of fluorine and phosphorus, predominantly on 
the anion, resulted in tribochemical reactions at the wear surface. 
With these factors in mind the trihexyl(tetradecyl)phosphonium 
(P6,6,6,14) cation, with its long chain alkyl substituents, was chosen as 
the first ionic liquid family to be investigated in the research 
documented in this thesis. In this early phase of testing the cation 
was to be kept constant while the anion was varied. Various 
phosphorus, nitrogen and fluorine containing anions, also with 
various alkyl chain lengths, were chosen, with the idea that the 
elements present would promote the formation of protective 
tribolayers. The paper in Chapter 3, ‘Phosphonium ionic liquids as 
lubricants for aluminium-steel’, covers this initial research.  
 From this preliminary investigation of a number of P6,6,6,14 cation 
based ionic liquids, two particular anions performed well; a fluorine 
based anion, bis(trifluoromethanesulfonyl)amide (NTf2) and a 
phosphorus based anion, diphenylphosphate (DPP), showed 
particularly low wear and friction. These two ILs were further tested 
at higher loads, at which the NTf2 anion outperformed the DPP 
anion. The results of this study, published under the title ‘Transition 
in wear performance for ionic liquid lubricants under increasing load’, are 
detailed in Chapter 4.  
 Following the initial studies in which the anion was varied, the 
effect of changing the cation was then explored. The lubricating 
performance of the phosphonium cation with shorter alkyl chains, 
tributyl(methyl)phosphonium (P1,4,4,4), pyrrolidinium and 
imidazolium cations were compared to the initial P6,6,6,14 cation 
investigated. Where possible (i.e. where the specific cation/anion 
combination produced a liquid at room temperature), these cations 
were combined with the NTf2 and DPP anions that had performed 
well in the initial phase of research. Also, since the presence of 
fluorine in the NTf2 anion appeared to be resulting in the formation 
of a suitable tribolayer, the anion tris(pentafluoroethyl)-
trifluorophosphate (FAP) was investigated. The FAP molecule 
1. Introduction 
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contains three times as much fluorine as NTf2, so it was proposed 
that it would either result in a more protective tribolayer or lead to 
tribocorrosion. In this study further characterization of the wear 
scars from the P6,6,6,14DPP and P6,6,6,14NTf2 ILs was conducted. X-ray 
photoelectron spectroscopy (XPS), nano-indentation and focused ion 
beam-scanning electron microscopy (FIB-SEM) were utilized to 
probe the wear surfaces for differences in the tribolayers. This 
component of the research is detailed in the paper included in 
Chapter 5 titled ‘A comparison of phosphorus and fluorine containing IL 
lubricants for steel on aluminium.’  
 The ionic liquids were initially tested in the neat form, however, 
in the final phase of testing they were also examined as anti-wear 
additives in base oils. The aim of the paper included in Chapter 6: 
‘Ionic Liquids as Anti-wear Additives in Base Oils: Influence of Structure 
on Miscibility and Wear Performance for Steel on Aluminium.’ was to 
encourage more widespread use of ILs as lubricants. As an additive, 
a small amount of IL may make a large difference to the 
performance of a given base oil, making the IL more cost effective. 
The miscibility in a range of base oils of various phosphonium, 
pyrrolidinium and imidazolium ILs previously tested in the neat 
form was investigated. Those base oil/IL blends that were miscible 
were then tested as lubricants to determine the effectiveness of the 
ILs as anti-wear additives for the aluminium/steel system. Surface 
analysis using XPS was conducted on the wear scars of selected base 
oil/IL lubricated wear tests. Following these analyses conclusions 
about the structure and ion pairing of the IL and their miscibility in 
the various base oils and affect on wear performance were made.  
!"#$%"&'()*#+,'-.&%/$,)
Since beginning the research documented here the shorthand 
nomenclature for ILs has become more universal. As a result, in two 
cases the abbreviations used have changed from the first paper to 
the final paper. The anion bis(2,4,4-trimethylpentyl)phosphinate, 
which was initially abbreviated as M3PPh, has changed to (iC8)2PO2, 
while the anion bis(2-ethylhexyl)phosphate has changed from BEH 
to BEHP. 
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A REVIEW OF IONIC LIQUID LUBRICANTS 
This article was written as a general review of ionic liquid lubricants, 
so it encompasses a broader range of systems than just the 
aluminium-steel system that is covered in this thesis. The aim was to 
give a reference for the types of ILs that have been used and their 
wear results, as well as surface characterization methods used and 
the conclusions drawn from such analysis. It also includes some 
results of fundamental research on ILs interacting with surfaces that 
could give some indication of the mechanism of protection of ILs in 
tribological applications.  
    This review does not, however, cover all aspects of IL lubrication, 
just concentrating on the main areas of current research; the major 
metal systems and micro/nanoelectromechanical machines (MEMs). 
Research on other areas, such as ceramic and polymer systems or the 
addition of nano-particles in ILs, has not been included in this 
review.  
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Abstract: Due to ever increasing demands on lubricants, such as increased service 
intervals, reduced volumes and reduced emissions, there is a need to develop new 
lubricants and improved wear additives. Ionic liquids (ILs) are room temperature molten 
salts that have recently been shown to offer many advantages in this area. The application 
of ILs as lubricants in a diverse range of systems has found that these materials can show 
remarkable protection against wear and significantly reduce friction in the neat state. 
Recently, some researchers have shown that a small family of ILs can also be incorporated 
into non-polar base oils, replacing traditional anti-wear additives, with excellent 
performance of the neat IL being maintained. ILs consist of large asymmetrical ions that 
may readily adsorb onto a metal surface and produce a thin, protective film under boundary 
lubrication conditions. Under extreme pressure conditions, certain IL compounds can also 
react to form a protective tribofilm, in particular when fluorine, phosphorus or boron atoms 
are present in the constituent ions. 
K eywords: ionic liquids; lubricant; lubricants additives; miscibility; wear results; surface 
characterization; surface interactions 
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PHOSPHONIUM IL LUBRICANTS FOR AL-STEEL  
In the lead up to the research documented in this thesis the ACES 
group at Monash University, under the guidance of Professors 
Maria Forsyth and Doug MacFarlane, were producing unique 
ranges of ILs, such as those based on pyrrolidinium and 
phosphonium cations. [1,2] While ILs were initially investigated as 
recoverable solvents, the ACES group was investigating their ability 
to interact with metal surfaces and form protective layers. Initial 
applications of this research were as electrolytes for lithium batteries 
and then as corrosion inhibiting coatings on magnesium alloys. [3-6] 
A number of articles concerning the use of ILs as lubricants were 
appearing and this was seen as another area in which the interaction 
of ILs with a metal surface could be investigated. It was thought that 
ILs could interact with the surface and form a low friction protective 
layer. The project documented in this thesis started with the aim of 
investigating ILs as lubricants, using ILs that the group was 
synthesising or similar commercially available ILs. Following a 
review of the relevant literature covering IL lubricants and 
lubrication at the time, the lubrication of the aluminium-steel system 
with ILs was identified as an emerging area with plenty of scope for 
research. After identifying the possible requirements of a lubricant 
for this system, suitable anion and cation combinations were chosen. 
In the first phase of testing, documented in the following paper, the 
large trihexyl(tetradecyl)phosphonium cation was selected, as 
longer alkyl chain lengths on the cation were seen to reduce friction 
and wear. This single cation was combined with six anions 
containing elements such as nitrogen, phosphorus and fluorine, 
thought to react with the aluminium surface to produce protective 
layers. 
     Of the six ILs tested, five exhibited lower friction and wear than a 
fully formulated diesel engine oil, with three in particular showing 
extremely low wear up to a load of 30N. On analysis of the wear 
surfaces it was noticed that the steel ball for one of these low wear 
samples, that containing the Br- anion, was particularly corroded. It 
was suggested that this corrosion product may be contributing to a 
low friction layer that protects the aluminium surface. No such 
corrosion was noticed on the other ILs that resulted in low wear and 
these two ILs were further investigated at higher loads, the results of 
which are shown in Chapter 4.  
ERRATA: On p38, paragraph 5, there is an explanation that the wear 
is due to adhesion of aluminium to the steel balls. The mechanism is 
more likely to be due to abrasive wear and the softer aluminium 
wear debris subsequently adheres to the steel balls. 
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TRANSITION IN WEAR PERFORMANCE 
Initially the ILs tested were chosen based on how their structure matched 
what had been suggested that an aluminium lubricant should contain. It 
was proposed that the comparatively long alkyl chains on the cation and 
the elements present on the anion would result in a protective layer on the 
aluminium surface that would reduce friction and wear.  
    These assumptions for the IL structure proved to be correct for some of 
the ILs investigated in the previous chapter, as they exhibited much lower 
friction and particularly wear, as compared to a fully formulated diesel 
engine oil. Surface analysis of the wear scar following wear testing also 
showed the presence of elements from the anion, from which it was 
assumed that the anion was indeed reacting with the surface to form a 
protective tribolayer.  
    The following paper further investigates the behaviour of the two best 
performing ILs from this initial testing, P6,6,6,14DPP and P6,6,6,14NTf2. They are 
tested at a higher load, and the results of the initial surface analysis are 
analysed in greater detail to explain the behaviour exhibited at these more 
severe test conditions. 
ERRATA 
The 15W-50 oil used as a standard is a commercial diesel engine oil. It was 
chosen as a standard as it is a general, fully formulated oil, complete with 
anti-wear additives. Diesel engines are one area where aluminium blocks, 
albeit generally having their cylinders lined with a high silicon aluminium 
alloy, are in contact with steel pistons. The 15W-50 oil also has a similar 
viscosity to that of the ionic liquids tested.  
Page 49, right column, bottom paragraph, ‘Room Temperature Ionic 
Liquids (ILs)…’should read: ‘Room temperature Ionic Liquids (ILs)…’ 
Equation 1 parameters for minimum film thickness, Hmin, in metres:  
Hmin =
hmin
Rx
= 3.63U0.68G0.49W !0.073(1! e!0.068k )
 
Dimensionless speed parameter, U U=!0V/(E’Rx) 
Dimensionless material parameter, G G=E’/pivas 
Dimensionless load parameter, W W=F/(E’Rx2) 
Elliptical parameter, k=a/b 1.03 
Effective elastic moduli of pin and disk, E’ 121 × 109  Pa 
Asymptotic isoviscous pressure, pivas 70-100 × 106  Pa 
Viscosity, ! 0.45-0.80 Pa.s 
Surface velocity, V 0.2 m/s 
Ball radius, Rx 0.003 m 
Load, F 1-40 N 
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PHOSPHORUS AND FLUORINE IL LUBRICANTS 
In IL lubricant literature, surface analysis of the wear scar 
predominately shows that it is the anion that reacts with the surface 
to form a protective tribolayer, so it is assumed that it has a greater 
influence on the behaviour of the IL as a lubricant. However, it has 
been shown that an increase in the length of the alkyl chains on the 
cation reduces friction and can moderate the reaction of the anion, 
reducing tribocorrosion so a protective layer can form. 
    Following the initial testing using trihexyl(tetradecyl)-
phosphonium cation based ILs as lubricants, documented in the 
previous two chapters, the two best performing ILs were found to be 
P6,6,6,14 DPP and P6,6,6,14 NTf2. In the following phase of testing the NTf2 
and DPP anions were combined with various cations to determine 
how much influence the cation has on the behaviour of ILs as 
lubricants. Also, since surface analysis from the initial phase showed 
that the presence of fluorine in the NTf2 anion resulted in a more 
robust and thicker tribolayer, an anion containing even more 
fluorine, tris(pentafluoroethyl)trifluorophosphate (FAP) was chosen. 
Unfortunately it was not always possible to combine the anions with 
all three cations to form an IL that was liquid at room temperature. 
For example for the tributyl(methyl)phosphonium (P1,4,4,4) only the 
DPP anion gives an IL that is liquid at room temperature. 
    More comprehensive chemical and mechanical surface analysis of 
the P6,6,6,14 DPP and P6,6,6,14 NTf2 wear scars is also reported. 
ERRATA 
Page 63, left hand column, paragraph 2, ‘Atkins’ should read ‘Atkin’. 
Page 63, in paragraph above Figure 5, should read: ‘The CmimFAP 
wear scar has the jagged appearance typical of stick-slip, which 
indicates that there was high friction and ineffective lubrication. The 
P1444DPP image has a smoother, scratched surface showing some 
abrasive wear has occurred, indicating the presence of a protective 
film on the aluminium substrate.’ 
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MISCIBILITY AND WEAR OF ILS IN BASE OILS 
Due to the current price of ILs, a possible application that could 
result in their widespread use is as an anti-wear additive, where 
they can be added in small amounts to much cheaper base oils. Ionic 
liquids are similar to oil miscible polymers and surfactants that have 
been used as additives; they are large molecules and many 
surfactants are also ionic species. However ILs consist of both an 
anion and cation, while surfactants are generally anionic or cationic. 
The presence of both a cation and anion is important in determining 
the structure that can form at the surface of the metal to protect from 
wear and/or reduce friction. While some surfactants include a 
cation with a simple halide anion, these type of anions have 
generally performed poorly in lubrication, often due to 
tribocorrosion.  
    While others have tested ILs as anti-wear additives in base oils, it 
has often been unclear as to whether the IL is actually miscible or 
not, and usually a particular type of IL has been blended in only one 
or two different base oils. It would be very impractical to use an 
anti-wear additive unless it is miscible. Results have been mixed and 
due to the narrow range of materials tested, the conclusions have 
been limited.  
    In this final paper of the thesis, the most comprehensive study yet 
published on the use of ILs as anti-wear additives has been 
conducted. ILs consisting of a range of anions and cations were 
added to various base oils to determine miscibility. The miscible 
blends were also tested as lubricants for the aluminium-steel system 
to evaluate the performance of ILs as anti-wear additives. 
Conductivity and viscosity of the constituents and the miscible 
blends were also measured to further understand what interactions 
might be occurring between the various components and how this 
could affect the miscibility and wear performance. 
 This paper was submitted on 24th of May 2013 to ACS Applied 
Materials and Interfaces and resubmitted in revised form on 30th of 
August 2013 and on the 2nd of November. It was accepted for 
publication on the 5th of November 2013. The published version of 
the article is in Appendix 2 on p123. 
ERRATA 
On p74, paragraph 3 it is stated: ‘All ILs were used as received…’. It 
should read: ‘All commercial ILs were used as received…’. 
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Ionic Liquids as Anti-wear Additives in Base Oils: Influence of 
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Aluminium. 
Anthony E. Somersa, Bhawna Khemchandaniab, Patrick C. Howletta, 
Jiazeng Sunc, Douglas R. MacFarlanec and Maria Forsyth*a 
a Institute for Frontier Materials, Deakin University, 221 Burwood Hwy, Burwood, Victoria 
3125, Australia.  
E-mail: maria.forsyth@deakin.edu.au 
b Indian Oil Corporation Ltd, R&D Centre, Sector 13, Faridabad 121 007, India 
c School of Chemistry, Monash University, Wellington Rd., Clayton, Victoria 3800, 
Australia  
 
ABSTRACT The use of ionic liquids as base oil additives for the 
lubrication of steel on aluminium was investigated. The miscibility 
and wear performance of various phosphonium, imidazolium and 
pyrrolidinium ionic liquids in a range of polar and non-polar base 
oils was determined. The structure and ion pairing of the ionic 
liquids was found to be important in determining miscibility in the 
base oils. In wear testing, miscible base oil/IL blends were found to 
reduce the aluminium wear depth as compared to base oil alone in 
some situations. The non-polar base oil/IL blends were able to 
withstand higher wear test loads than the polar base oil/IL blends. 
At 10N as little as 0.01mol/kg of IL, or 0.7-0.9wt%, in the non-polar 
base oils was enough to drastically reduce the wear depth on the 
aluminium. XPS analysis of the wear surfaces suggest that the dual 
abilities of an IL to adsorb to the surface to form low shear layers 
and also react to form tribofilms are important in reducing friction 
and wear. 
Keywords 
Ionic liquid lubricants, anti-wear additives, base oil miscibility, 
tribology, aluminium lubrication, phosphonium, tribofilm 
1. Introduction 
In lubricant applications there is always the pressure to reduce 
emissions, increase durability and increase service intervals. There is 
also the constant drive to reduce friction, which leads to reductions 
in energy use. To meet these challenges lubricants must constantly 
be improved. These improvements can also lead to technological 
advances by allowing the use of new materials for a particular 
application. For example, current lubricant additives, such as zinc 
dialkyl-dithiophosphate, have been developed for steel/steel 
tribology systems, however they are not as effective at protecting 
aluminium alloys.1 
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Ionic liquids (ILs) are salts in which the anion and cation are 
prevented from forming a regular crystalline structure, so they 
retain their liquid phase at temperatures of less than 100°C.  
 As liquid salts, ILs posses a number of useful properties, which 
can include low volatility, non-flammability, thermal stability, broad 
electrochemical window and miscibility with organic compounds. 
ILs have predominately been used as ‘green’ solvents, but are also 
being investigated as possible electrolytes in batteries and for 
electrodeposition, as corrosion prevention coatings and in 
tribological applications.2-4 
Ionic liquids were first proposed as lubricants in 2001, and since that 
time the number of publications on the use of ionic liquids as 
lubricants has steadily increased.2, 5, 6 For use as lubricants, the low 
volatility, low flammability and thermal stability of ILs mean that 
they can safely withstand the increased temperatures and pressures 
involved in tribological applications. For instance, imidazolium and 
ammonium ILs have been shown to have a considerably higher 
thermal stability than a conventional synthetic oil at 200˚C.7 Also, 
more than one million available anion and cation combinations can 
be described, each having unique properties, meaning that ILs can 
be designed for particular applications.8, 9 As a lubricant, a ‘task-
specific’10 IL could be designed to adsorb to the surface, include 
elements that may react with the surface to form a protective 
tribofilm and/or be miscible in a particular base oil.11  
Ionic Liquids as Additives 
ILs are currently much more expensive than traditional base oils, so 
their use as a neat lubricant is likely to be limited to critical 
applications, such as low-pressure environments. However, as a 
lubricant additive, where small amounts can markedly improve the 
tribological performance of a base oil, ILs could find widespread use. 
IL additives have been shown to result in reduced friction and wear 
in traditional systems, such as steel/cast iron12, 13 and can also 
improve the lubrication of difficult to lubricate systems, such as 
aluminium/steel14, thus opening up new applications. 
Ionic liquids have been investigated as additives in base oils such as 
hydrocarbons, polyethylene glycol (PEG), polyalphaolefins (PAO), 
propylene glycol dioleate (PGDO) and glycerol.12-26 In polar base oils, 
such as PEG and PGDO, ILs have had better solubility 14, 18 than in 
non-polar oils such as mineral oils and PAO and this is thought to be 
due to the ILs polar nature.11, 12, 25 Two phosphonium ILs, trihexyl 
(tetradecyl) phosphonium bis (2-ethylhexyl) phosphate and trihexyl 
(tetradecyl) phosphonium bis (2,4,4-trimethylpentyl) phosphinate, 
were recently found to be fully miscible in a mineral oil and a PAO.12, 
13 This solubility was attributed to the long alkyl chains on both the 
cation and anion matching the base oil structure, as well as possible 
hydrogen bonding between the cation and anion reducing their 
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polar nature. Both IL additives resulted in a reduction in the friction 
and wear for steel on cast iron as compared to the base oil with 
traditional additives. 
 This paper details our recent research in using ionic liquids as 
additives in base oils. The solubility and wear performance of a 
range of ionic liquids as additives to a vegetable oil, two polyolesters, 
a mineral oil and a polyalphaolefin are investigated. The synthesis 
and performance of a new IL, trihexyl(tetradecyl)phosphonium 3-
(trimethylsilyl)propane-1-sulfonate (P6,6,6,14 SSi) is also reported for 
the first time. 
2. Experimental 
The structures of the cations and anions investigated in this work 
are shown in Figure 1. The ILs, comprised of these cations and 
anions, that were tested are shown in table 1.  
 
 Cations 
 
 
 
 
 
 
 
 Anions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Molecular structures of ionic liquids used in this work. 
  
Imidazolium 
Eg C8mim 
R1=C8H17, R2=CH3 
Phosphonium 
Eg P6,6,6,14 
R1,2,3=C6H13, R4=C14H29 
Pyrrolidinium 
Eg C4mpyr 
R1= C4H9, R2= CH3 
Perfluoroalkylphosphate 
FAP 
Tetrafluoroborate 
BF4 
Bis(2-ethylhexyl)phosphate 
BEHP 
Bis(trifluoromethanesulfonyl)amide 
NTf2 
Bis(2,4,4-
trimethylpentyl)phosphinate 
(iC8)2PO2 
Diphenylphosphate 
DPP 
3-(trimethylsilyl)propane-1-
sulfonate 
SSi 
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 The synthesis and characterisation of P6,6,6,14DPP and P6,6,6,14BEHP 
are detailed elsewhere 27, while P1,4,4,4DPP was prepared by the same 
method. The method of synthesis and characterisation for 
C3mpyrNTf2 has been previously described by MacFarlane, Meakin, 
Sun, Amini and Forsyth 28 Cytec Canada Inc. supplied the P6,6,6,14NTf2, 
and P6,6,6,14(iC8)2PO2. Merck supplied the FAP containing ILs 
(C4mpyrFAP, CmimFAP, P6,6,6,14FAP) and Solvionic supplied the 
C4mpyrNTf2.  
Table 1. Ionic liquids tested (structures shown in Figure 1.) 
Cation Anion Viscosity (mPa.s) 
P6,6,6,14 
 
BEHP 
(iC8)2PO2 
SSi 
DPP 
NTf2 
FAP 
405 
366 
451 
264 
150 
191 
P1,4,4,4 DPP 133 
C4mPyr  NTf2 FAP 
71 
175 
C2mim FAP 86 
C8mim 
(L108) BF4 163 
 
 Synthesis of P6,6,6,14SSi was carried out with an ionic exchange 
method similar to that used by Sun, Howlett, MacFarlane, Lin and 
Forsyth 27, using P6,6,6,14Cl (Cytec) and Me3Si(CH2)3SO3Na as the 
starting materials. The characterisation results of P6,6,6,14SSi are as 
follows.  Electrospray mass spectroscopy (cone±35 V), m/z (relative 
intensity, %): ES+, 483.9 ([C6H13]3C14H29P+, 100); ES−, 195.2 
(Me3Si(CH2)3SO3−, 100); DSC: Tg = -77 °C, Tm = -17 °C; viscosity 432 
mPa.s (40 °C); conductivity 0.01 mS/cm (30 °C); decomposition 
temperature 300 °C (TGA).  
 All ILs were used as received, with the ILs obtained from Merck 
(C4mpyrFAP, CmimFAP, P6,6,6,14FAP) being of high purity, ( >99% 
pure, with less than 100 ppm of halides). Those from Cytec are 
quoted as being >95% pure.  
 The IL methyloctylimidazolium tetrafluoroborate (C8mimBF4), or 
L108, has been considered a standard, high performing IL, therefore 
we also compare our data with this ‘standard’ IL.20, 21, 29 This IL was 
supplied by Iolitec and is quoted as being 99% pure.  
 As mentioned earlier, one of the attractions of ILs as prospective 
lubricants is their thermal stability and low vapour pressure and 
these ILs, or those with similar structure, are all stable to at least 
300°C21, 23-25. ILs in general can only be distilled at high temperatures 
and reduced pressures.26  
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Figure 2. Linoleic acid, pentaerythritol ester and trimethylolpropane 
ester structures. 
 The base oils used in the research were a vegetable oil (VO), 
coming from safflower oil, two polyol esters, a Grade II mineral oil 
(MO) and a polyalphaolefin (PAO). The PAO was classed as 6cSt, 
meaning its viscosity at 100°C should be 6 centiStoke, or 6 mPa.s. All 
base oils were sourced from Indian Oil. 
 The VO, PE and TMP base oils are the same as those used in 
another study by Khemchandani, Jaiswal, Sayanna and Forsyth 30 on 
biodegradable lubricants. In this paper they state the VO consists of 
7% palmitic acid, 1.9% stearic acid, 13.2% oleic acid and 77.9% 
linoleic acid. The first polyol ester oil consists of a mixture of 
trimethylolpropane and pentaerythritol esters and is labeled PE, 
whilst the other consists entirely of trimethylolpropane ester so is 
labeled as TMP. The structures of linoleic acid, trimethylolpropane 
ester and pentaerythritol ester are shown in Figure 2. 
 Due to the wide range of molar masses of the ILs tested (from 
282.17-928.87g/mol) the ionic liquids were compared by adding the 
same molar quantity of each, ie additions were calculated on the 
basis of mole of ionic liquid per kilogram of base oil. Starting at 
0.01mol/kg of ionic liquid the mixtures were stirred at 70 °C for 30 
minutes and left to cool overnight. Those that remained clear at 
room temperature were considered to be miscible. The amount of IL 
was increased up to a maximum of 0.20 mol/kg, which is equivalent 
to 8.8-18.6 wt% of IL in the base oil, depending on the IL molecular 
weight. 
 The wear testing was undertaken at ambient conditions; to ensure 
the behaviour of the ionic liquids was consistent throughout a test, 
they were exposed to ambient conditions prior to testing until their 
water content reached an equilibrium value. It should be noted that 
wear tests conducted on ILs from different sources (eg. in-house 
prepared and commercial) and with various water contents, from 
vacuum dry to ambient equilibrium content, have shown no 
observable difference in the wear behaviour for a given IL. 
Linoleic Acid 
Trimethylolpropane Ester Pentaerythritol Ester 
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The viscosity of the ILs and oils were measured at 40°C using an 
A&D SV-1A VibroViscometer. At room temperature a number of the 
ILs exhibited viscosities that were out of range (>1200mPa.s) for the 
equipment, so 40°C was chosen as it is a temperature that is 
commonly quoted in tribology literature. 
 Conductivity was measured at room temperature via AC 
Impedance Spectroscopy using a Bio-Logic SP200 Potentiostat. The 
AC voltage was varied from 1MHz to 10mHz at ±200mV. Using the 
Bode impedance plot the conductivity was calculated, with 0.01M 
KCl used for calibration.  The lower limit of conductivity 
measurable was found to be 5x10-5µS/cm. 
 The wear tests were conducted at room temperature on a 
Nanovea pin-on-disk tester according to ASTM G99 using 6mm 
100Cr6 balls on AA2024 aluminium disks. Results were obtained 
from an average of at least three tests. The coefficient-of-friction was 
recorded throughout the experiment. Experiments were conducted 
at loads of 5-40 N for a distance of 500-1000m, with a wear track 
diameter of 20mm and a speed of 0.1-0.2m/s, using 0.1mL of 
lubricant. This loading results in initial mean Hertzian contact 
pressures of 0.49 to 0.98GPa. On completion of wear tests, wear 
depth was measured using a Bruker GT-K1 Optical Profiler. 
 Initial X-ray Photoelectron Spectroscopy (XPS) surface scans were 
conducted on a Kratos Nova instrument while depth analysis was 
conducted on a Kratos Ultra instrument using an Ar-ion sputter 
beam at 5kV to etch the surface over a 3 × 3 mm area. Both 
instruments use an Al K! energy source at 1486.6eV. Scans were 
conducted using an anode voltage of 15kV and a current of 10mA. 
The pass energy was set to 160eV for survey scans and 20eV for high 
resolution scans. The binding energy was calibrated by referencing 
the charge to the hydrocarbon C 1s peak at 285.0eV. Following the 
depth analysis the depth of sputtering was measured using the 
Bruker GT-K1 Optical Profiler. 
 The composition, Vickers hardness and average roughness, Ra, of 
the steel balls and aluminium disks are shown in Table 2. The 
composition, hardness and roughness of the steel balls were 
provided by the suppliers. In the case of the aluminium disks, the 
supplier provided their composition, while their hardness was 
determined using a Wolpert Wilson 452SVD Vickers Hardness tester 
with a 30N load and the roughness was measured using a Dektak 
150 stylus profilometer. 
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Table 2. Composition, hardness and roughness of alloys 
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C – 0.98–1.10 
Cu 3.8–4.9 – 
Si 0.5 max 0.15–0.3 
Mn 0.3–0.9 0.25–0.45 
Mg 1.2–1.8 – 
Cr 0.1 max 1.3–1.6 
Zn 0.25 max  
Ti 0.15 max  
S – 0.025 max 
P – 0.025 max 
Others 0.15 max – 
Fe 0.5 max Balance 
Al Balance – 
Hardness (Vickers) 145 850 
Ra (µm) 0.09 0.05 max 
3. Results and Discussion 
:"#%;-%<(
 Table 3 shows miscibility results for the blending of the ILs into 
the various base oils. The maximum amount of IL added was 
0.20mol/kg, so any IL that was miscible at this amount was noted as 
having a miscibility of 0.20mol/kg or greater (≥0.20mol/kg). The 
more polar VO, TMP and PE allowed higher solubility than MO and 
PAO. Apart from a low amount of C4mimFAP in VO, the only ILs 
that proved miscible in the oils were the trihexyl (tetradecyl) 
phosphoniums. In fact all of the trihexyl (tetradecyl)phosphonium 
ILs were miscible to some degree in the VO, TMP and PE base oils. 
For the MO and PAO base oils P6,6,6,14(iC8)2PO2 and P6,6,6,14BEHP were 
found to be miscible in both, as reported by Qu et al.12 and Yu et al.13, 
while P66614SSi was partially miscible in MO. It was proposed that the 
large phosphonium cations, with their long alkyl chains, were well 
matched to the structure of MO and PAO. Since VO, PE and TMP 
base oils also consist of long alkyl chains, we could expect the large 
phosphonium cations to also be miscible in these. They also 
suggested that the ion association between the anions and cations in 
the P6,6,6,14(iC8)2PO2 and P6,6,6,14BEHP could be strong even in solutions, 
and so their effective polarity is less than the other phosphonium 
based ILs, leading to better compatibility with less polar base oils 
such as MO and PAO.   
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Table 3. Conductivity of ILs and miscibility of ILs in base oils 
!"#$%&'$()$*& +"#*)%,$-$,.& /$0%$1$2$,.&34"25678&
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P6,6,6,14BEHP 3.6 ≥ 0.20 ≥ 0.20 ≥ 0.20 ≥ 0.20 ≥ 0.20 
P6,6,6,14(iC8)2PO2 3.6 ≥ 0.20 ≥ 0.20 ≥ 0.20 ≥ 0.20 ≥ 0.20 
P6,6,6,14SSi 10.2 ≥ 0.20 ≥ 0.20 ≥ 0.20 0.05 0 
P6,6,6,14DPP 12.0 ≥ 0.20 ≥ 0.20 ≥ 0.20 0 0 
P6,6,6,14NTf2 98.3 0.02 ≥ 0.20 ≥ 0.20 0 0 
P6,6,6,14FAP 96.7 ≥ 0.20 ≥ 0.20 ≥ 0.20 0 0 
P1,4,4,4DPP 66.1 0 0.02 0 0 0 
C4mpyrNTf2 2719.6 0 0 0 0 0 
C4mpyrFAP 1053.2 0 0 0 0 0 
C2mimFAP 5278.5 0.01 0 0 0 0 
C8mimBF4(L108) 623.0 0 0 0 0 0 
 
 Table 3 also shows the conductivity of the neat ILs. The 
relationship between conductivity and viscosity in the phosphonium 
IL family has been shown to be an indicator of the degree of ion 
association, which produces neutral aggregates from the individual 
ions, rendering them to an extent more oil like than salt-like.31 This 
phenomenon is particularly true of the large P6,6,6,14 ion. The 
P6,6,6,14(iC8)2PO2 and P6,6,6,14BEHP have a much lower conductivity than 
the other ILs tested. This suggests that there are fewer free ions 
present in the neat ILs due to more extensive ion association and 
these neutral, associated species may be more miscible in the less 
polar oils, as Qu et al. and Yu et al. have suggested.12, 13 The much 
shorter alkyl chains in the case of the P1,4,4,4 IL and the small 
imidazolium and pyrrolidium cations in Table 3, do not match the 
base oil structure well, which prevents them from dissolving. Thus, 
both IL structure as well as the extent of ion association appears to 
be important in determining the IL miscibility. 
Table 4. Viscosity of base oils, ILs and selected base oil/IL blends 
 &&>$0%"0$,.&34ADE08&
 FGD,&!'& !'&$#&AB& !'&$#&/?& !'&$#&AC?&P6,6,6,14BEHP 405 52 53 48 
P6,6,6,14(iC8)2PO2 366 46 37 35 
P6,6,6,14SSi 451 51 - - 
P6,6,6,14DPP 264 52 - - 
P6,6,6,14NTf2 150 54 - - 
P6,6,6,14FAP 191 60 - - 
Base Oil - 40 35 30 
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 Table 4 shows the viscosity of the base oils, ILs and the PE, MO, 
and PAO base oil/IL blends. It is interesting to note that the two 
fluorine containing ILs, P6,6,6,14NTf2 and P6,6,6,14FAP have the lowest 
viscosity in the neat form, but the highest viscosity when blended 
into the PE base oil. This suggests some chemical interaction 
occurring between the IL and the base oil, such as hydrogen 
bonding between fluorine and the hydroxyl groups in the PE base 
oil.  
 Table 5 shows the conductivity of the neat ILs and the PE base 
oil/IL blends. The greatest relative reduction in conductivity is 
observed for the fluorine IL blends, as compared with the other 
blends. This is consistent with a stronger interaction between the IL 
ions and the base oil, as indicated by a higher viscosity (Table 4). It 
can also be seen that the MO and PAO neat ILs and base oil blends 
have the lowest conductivity, supporting the previously suggested 
association between these IL anions and cations, resulting in neutral 
ion pairs.12, 13 
Table 5. Conductivity (!) of ILs and PE base oil/IL blends 
 Neat ! 
(µS/cm) 
PE Blend 
! (µS/cm) 
MO Blend 
σ  (µS/cm) 
PAO Blend 
σ  (µS/cm) 
Base oil1  <5x10-5 <5x10-5 <5x10-5 
P6,6,6,14BEHP 3.6 0.5 0.09 0.10 
P6,6,6,14(iC8)2PO2 3.6 0.3 0.001 0.004 
P6,6,6,14SSi 10.2 0.7 - - 
P6,6,6,14DPP 12.0 1.0 - - 
P6,6,6,14NTf2 98.3 2.5 - - 
P6,6,6,14FAP 96.7 5.8 - - 
1Conductivity below equipment limit 
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Neat ILs and Base Oils 
Figure 3a shows the wear depth and average coefficient of friction 
for the neat base oils at a load of 10N, a rotating velocity of 0.2m/s  
and a distance of 500m. At loads greater than 10N the wear rate and 
friction were excessive for the VO, TMP and PE base oils. Figure 3b 
shows the wear depth and average coefficient of friction for the neat 
ILs that were miscible in the base oils. To achieve appreciable wear 
for the neat ILs, they were tested at a load of 40N, velocity of 0.1m/s 
and a distance of 1000m.  
 For the base oils, it can be seen that MO and PAO have the lowest 
wear depth at 10N, while PE, TMP and VO increase in that order, 
with VO showing considerably more wear(>13 μm compared with 
<8 μm for the other systems). Chen, Bosse and Deters32 tested 
various base oils and additives on aluminium and also found that a 
polyolester base oil, similar to the PE and TMP base oils, resulted in 
increased wear as compared to MO and PAO. They attributed this to  
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Figure 3. a) Wear depth and friction for the neat base oils at 10N, 0.2m/s 
for 500m.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3. b) Wear depth and friction for the neat ILs at 40N, 0.1m/s for 
1000m. 
tribocorrosion caused by the oxygen compounds present in the 
polyolester reacting with the aluminium surface. Since the VO base 
oil has a similar structure to the PE and TMP polyolester oils, it is 
reasonable to attribute the poor wear performance of these three oils 
to tribocorrosion. The main component of the VO is linoleic acid, 
which also contains unsaturated carbon bonds, which could also 
increase the degradation and reactivity of the oils during the wear 
experiment.  
VO, PE and TMP Blends 
Initially the IL/base oil blends were tested at 10N, at a speed of 
0.2m/s for 500m. For the VO, PE and TMP base oils the addition of 
ILs up to 0.20mol/kg of base oil made no appreciable difference in 
the wear depth. For these base oils the test load was reduced to 5N 
and it was only at the highest loading of IL, 0.20mol/kg in the base 
oil, that a reduction in wear was noticed. Figures 4a-c show the wear 
depth and average coefficient of friction for the ILs loaded at 
0.20mol/kg in the VO, PE and TMP base oils and tested at 5N and 
0.2m/s for 500m. The P6,6,6,14DPP loaded oils all show a marked  
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Figure 4. Wear depth and friction for the ILs in a)VO, b)PE and c)TMP 
base oil at 5N, 0.2m/s for 500m.  
reduction in wear. Even for these base oils with P6,6,6,14DPP as an 
additive, when the test load was increased to 10N, it had no effect on 
the wear depth as compared to the neat oil. Similarly, reducing the 
amount of P6,6,6,14DPP to 0.10mol/kg also caused the wear depth to 
return to that of the neat oil, even at 5N. The other two ILs with 
phosphorous containing cations (P6,6,6,14(iC8)2PO2 and P6,6,6,14BEHP) 
also showed some improvement, especially the P6,6,6,14BEHP in VO, 
but were not as consistent as the P6,6,6,14DPP. It should be noted that 
the standard deviation for some of the results is quite high and this 
is a reflection of the inconsistency in the wear performance of some 
b) 
c) 
a) 
!"#$
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of the blends. Those with particularly high standard deviations, 
(greater than 20%) have been tested at least 5 times and show no 
signs of giving a consistent result. 
 As mentioned earlier, it was suggested that the fluorine 
containing IL blends were interacting with the VO, TMP and PE 
base oils. This may explain why, although they perform as well or 
better than the P6,6,6,14DPP, P6,6,6,14(iC8)2PO2 and P6,6,6,14BEHP as neat 
lubricants, they have little effect when used as an additive to these 
particular oils for a steel/aluminium system, even at 0.20mol/kg. If 
the IL is interacting strongly with the base oil it will not be available 
to preferentially migrate to and segregate at the aluminium surface 
to protect it and reduce the wear rate. In fact, the P6,6,6,14NTf2 blend 
has a high blend conductivity, implying strong interaction between 
the base oil and the IL and this blend subsequently showed the 
poorest wear results. 
 
MO and PAO Blends 
The MO and PAO oil/IL blends were tested at 10 and 20N loads at 
0.2m/s for 500m, as these base oils are intrinsically better lubricants 
for this combination of surfaces. Figure 5 shows the friction and 
wear depths for the 10N wear tests on aluminium lubricated with 
the PAO and MO base oil/IL blends. With the addition of as little as 
0.01mol/kg of ionic liquid in MO and PAO, the wear depth at 10N 
was reduced markedly. In particular, P6,6,6,14BEHP and P6,6,6,14SSi in 
the mineral oil and P6,6,6,14(iC8)2PO2 in the polyalphaolefin showed 
approximately one-fifth of the wear of the neat base oils.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Wear test results for PAO and MO base oils containing 
0.01mol/kg of IL. 
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Figure 6a. Wear depth at 20N vs IL loading in MO. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6b. Wear depth at 20N vs IL loading in PAO. 
 Unlike the VO, TMP and PE base oils, the neat MO and PAO base 
oils and base oil/IL blends were able to withstand tests at 20N 
without excessive wear. The ILs were also able to reduce the friction 
and wear at loadings less than 0.20mol/kg of IL in the base oils. 
Figures 6a and 6b show aluminium wear depths for different levels 
of IL additive in MO and PAO at 20N. The loadings of IL tested 
were 0.01, 0.02, 0.05, 0.10 and 0.20 mol/kg of IL in the base oils. It 
can be seen that 0.01mol/kg of ionic liquid in the base oils made no 
difference to the wear depth at 20N within the error of the 
measurement and may have even caused a small increase in wear. 
This shows that the protective adsorbed IL layers and tribofilm that 
worked at 10N are not able to support the load at 20N and are easily 
removed during the wear test. As the IL loading in the base oil is 
increased, the wear depth is reduced. At 0.20mol/kg the ILs in MO 
show the greatest decrease in wear depth at 20N. P6,6,6,14BEHP and 
P6,6,6,14(iC8)2PO2 in MO decreased the wear depth from (8.0±0.7)µm for 
neat MO to (1.6±0.3)µm and (0.9±0.1)µm respectively. The wear 
depth for P6,6,6,14(iC8)2PO2 in MO, in particular, is close to that 
achieved by a fully formulated 15W-50 diesel engine oil that 
resulted in a wear depth of (0.7±0.2)µm. The wear depth for the neat  
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Figure 7a. Friction traces for P6,6,6,14BEHP in MO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7b. Friction traces for P6,6,6,14(iC8)2PO2 in MO. 
ILs at 20N was so small it could not be distinguished from the 
surface roughness of the aluminium disks. 
 To further elucidate the mechanism of protection for these 
particular oil/IL blends the initial 200m of typical friction traces are 
shown in Figures 7a and 7b. Figure 7a shows friction traces of the 
wear tests for P6,6,6,14BEHP at 0.05mol/kg and 0.20mol/kg, as well as 
that for the neat MO and ionic liquid. Figure 7b shows the same for 
P6,6,6,14(iC8)2PO2 blended in MO. It can be seen that, as the IL loading 
increases, the friction becomes lower and smoother. It is interesting 
to note that for both ILs at 0.20mol/kg there is an abrupt transition 
to a lower friction, which remains stable for P6,6,6,14BEHP but a little 
erratic for P6,6,6,14(iC8)2PO2. 
!"#$%&'()*%+,-.-(
Figure 8 shows SEM images of the 20N test load wear surfaces 
lubricated with neat MO (Fig. 8a) and MO with 0.20mol/kg of 
P6,6,6,14BEHP (Figure 8b). It can be seen that the neat MO lubricated 
surface has gouge marks resulting from wear debris ploughing 
through the surface, while that of the MO/IL blend lubricated  
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Figure 8: (a) Neat MO lubricated and (b) MO with 0.20mol/kg of 
P6,6,6,14BEHP lubricated wear scars after wear test at 20N and 
0.2m/s for 500m. 
sample is very smooth and featureless in appearance, indicative of 
the lower friction and wear that occurred on this sample.  
 Table 6 shows the XPS results for the wear scars lubricated with 
neat P6,6,6,14BEHP, and the MO base oil/P6,6,6,14BEHP blends. For these 
same wear scars Figure 9a shows the region scans for Al 2p and 
Figure 9b shows the P 2p region scans. The atomic percent of each 
element was determined from the survey scans, while the positions 
were determined from fitting the region scans. The presence and 
position of phosphorous and aluminium detected by XPS in the 
wear scars lubricated with neat ionic liquid and ionic liquid loaded 
mineral oil indicates that a tribofilm containing AlPO4 and Al2O3 has 
formed.33 All of the wear scars lubricated with neat ILs or base oils 
containing IL show the presence of phosphorous, while the neat 
base oil lubricated sample did not. The amount of phosphorous 
detected for each of these samples is low and very similar, and does 
not depend on the amount of IL present. It is particularly interesting 
that as the amount of P66614BEHP in the MO was increased from 
0.05mol/kg to 0.20mol/kg, the wear and friction was markedly 
reduced, however the amount of phosphorous detected on the worn 
surfaces was similar. Also, the aluminium and phosphorous spectra 
shown in Figure 9 are very similar for all three samples, indicating a 
similar surface has formed on each. 
Table 6. XPS results for MO and MO/P66614BEHP lubricated wear scars. 
Sample Wear Scar 
Element Atomic % (major peak position, eV) 
O 1s C 1s Al 2p P 2s Zn 2p 
P6,6,6,14BEHP 50.2 (531.9) 
18.8 
(285.0) 
29.4 
(75.1) 
1.3 
(133.5) 0.2 (1022) 
P6,6,6,14BEHP 
0.05mol/kg in MO 
43.6 
(531.4) 
27.7 
(285.0) 
26.8 
(75.5) 
1.5 
(133.5) 0.4 (1021) 
P6,6,6,14BEHP 
0.20mol/kg in MO 
43.7 
(531.4) 
24.0 
(285.0) 
30.1 
(74.8) 
1.6 
(132.5) 0.5 (1021) 
50μm 50μm 
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Figure 9: XPS region scans of P6,6,6,14BEHP and MO/P6,6,6,14BEHP 
lubricated wear scars. (a) Al 2p and (b) P 2p. 
 XPS depth analysis experiments were conducted on the 
P6,6,6,14BEHP and the MO/P6,6,6,14BEHP blend lubricated samples. A 
total etch time of 7200 seconds was used, which correlated to 
approximately 200nm etching depth. Qu et al.34 conducted similar 
experiments on an aluminium wear scar lubricated with a fluorine 
containing IL and they detected aluminium oxides, aluminium 
metal and fluorine compounds that extended at least 200nm into the 
sample. They suggested that there was an initial ‘wear-in phase’ in 
which rapid wear would occur until a stable tribolayer consisting of 
these aluminium oxides, aluminium metal and fluorine compounds 
formed. In our case the results showed similar trends for the 
aluminium oxide and metal, however, while phosphorous was 
detected at the surface for all samples, after only 30s of etching no 
phosphorous could be detected on any sample. This may mean that 
the phosphorous compounds only form on the surface after the 
wear-in period, as they would otherwise be detected throughout the 
film thickness. There were some differences between the samples 
with respect to the distribution of the aluminium oxide and Al metal 
peaks; the sample lubricated with the MO + 0.05 mol/kg of 
P6,6,6,14BEHP showed more oxide present at all depths as compared to 
the neat IL and the MO + 0.20 mol/kg P6,6,6,14BEHP samples. There 
were some differences between the samples in how the aluminium 
oxide and metal was distributed, with the sample lubricated with 
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the MO + 0.05 mol/kg of P6,6,6,14BEHP showing more oxide present at 
all depths as compared to the neat IL and the MO + 0.20 mol/kg 
P6,6,6,14BEHP samples (see supplementary figure 1). This may be due 
to a more extensive wear-in phase for the sample containing 
0.05mol/kg of the IL, which is supported by the increased wear for 
this sample. Previously we compared the lubricating performance of 
an IL with a phosphorous based anion (P6,6,6,14DPP) to one with a 
fluorine based anion (P6,6,6,14NTf2) on aluminium and found that, 
while the film formed with the DPP anion was more complete and it 
initially showed lower wear and friction, the film formed with the 
NTf2 anion was able to withstand higher loads.33, 35 This may be 
because the fluorine anions react more rapidly and so are able to 
form compounds during the wear-in period and extend further into 
the sample while the phosphorous anion reacts more slowly and so 
is only present on the surface following the wear-in period. This 
would explain why the fluorine compounds are more robust under 
harsher conditions. 
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It has been suggested that the ionic nature of ILs encourages their 
adsorption to a metal surface under wear conditions, as the wear 
process removes electrons from the surface, thus making it 
positively charged.36 It was found that the ILs that dissolved in the 
non-polar base oils, MO and PAO, had a very low conductivity, 
probably due to strong ion pairing and Qu et al. 12 suggests that this, 
along with the long alkyl chains in their structure, is the reason why 
these ILs can dissolve in the non-polar base oils. Unfortunately, this 
ion pairing could also mean that IL anion attraction to the positively 
charged surface will be more hindered, as compared to an IL that 
has less ion pairing, hence the formation of protective low shear 
surface layers is reduced. The authors previously found that 
P66614BEHP and P66614(iC8)2PO2 did not perform as well as other, more 
conductive ILs when used as neat lubricants for aluminium 37 and in 
the VO, PE and TMP base oil blends the more conductive (i.e., less 
associated) P6,6,6,14DPP resulted in lower wear. When investigating 
imidazolium ILs as additives to the synthetic ester propylene glycol 
dioleate, Jiminéz and Bermúdez 14 found that, when blended, ILs 
that caused tribocorrosion and high wear in the neat state, 
performed better than those that showed low wear in the neat state. 
They attributed this, in part, to a better ability of the more polar ILs 
to adsorb to the metal surface. So, the very property that enables the 
ILs to dissolve in the non-polar base oils may also reduce their 
efficiency as anti-wear additives, since they are less likely to 
preferentially adsorb to the surface compared to ILs with less ion 
pairing. This may explain why relatively large amounts of IL were 
required to reduce the wear substantially for these systems.  
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 It is thought that ionic liquids protect the surface of aluminium in 
two ways; by adsorbing onto the surface to form low shear layers of 
anion and cation, and by breaking down and reacting with exposed 
metal to form a protective tribolayer.36, 38-40 It is apparent that as little 
as 0.01mol/kg of some ILs is enough for protection to occur at 10N 
in MO and PAO base oils. 
 The VO, TMP and PE base oil/IL blends did not reduce the wear 
as effectively as the MO and PAO blends and, as mentioned earlier, 
these type of base oils are thought to perform poorly due to 
tribocorrosion with the aluminium.32 The addition of relatively large 
amounts (0.20mol/kg) of the phosphonium cation based ILs with a 
phosphorous centred anion was able to reduce the wear at 5N. 
However, other phosphonium cation based ILs that perform 
exceptionally well in the neat state had no effect on the wear rate 
when used as an additive. It appears that, for the fluorine containing 
phosphonium ILs at least, there is some specific interaction between 
the PE base oil and the IL, which may explain why these particular 
ILs that perform so well as neat lubricants, do not have any effect on 
reducing the wear when blended in the PE base oil. For the IL 
additive to be efficient in reducing wear and friction it is likely that 
the IL species must diffuse to the contact surface and form a 
protective film. If the ions are interacting with the PE base oil 
molecules, then they are less likely to be preferentially interacting 
with the metal surface. Given the similar chemical nature of VO and 
TMP, this may also explain the poor performance of these fluorine 
based IL additives in these base oils; ie strong interaction between 
the ions and the TMP/VO molecules restricts film formation at the 
metal surface. 
 For the MO and PAO base oil blends the results suggest that, at 
low IL loadings in the base oil, such as 0.01mol/kg, some IL is able 
to reach the surface of the aluminium and can withstand a 10N load. 
As the load is increased, this small amount of IL at the surface can 
no longer support the load. As the IL content is increased, more IL is 
able to adsorb at the surface and form a more robust layer that can 
withstand a 20N load, leading to a reduction in the friction and wear. 
This reduction in the friction may also be due to the slight increase 
in viscosity that occurs as IL is added to the base oil, however, 
throughout this study there seems to be little correlation between 
how much the viscosity is changing and the reduction in friction. 
The friction traces at 0.20mol/kg may also shed some light on the 
protective mechanism of the ILs (Figures 7a & b). At the start of the 
test, since the calculated contact pressure at 20N of 0.77GPa is 
greater than the yield strength of the aluminium alloy (0.28GPa), 
deformation and wear will likely occur, as indicated by an initially 
higher friction. This can be seen for all of the friction traces, although 
the effect is much greater for the neat base oils than for the IL/oil 
blends and the neat IL. This initial wear-in period has the 
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consequence of increasing the area of contact between the ball and 
the disk, thus reducing the contact pressure. When the contact 
pressure has reached a point at which the lubricant can support the 
steel ball and protect the aluminium surface then the friction 
becomes stable and the wear rate will decrease, thus the amount of 
wear that occurs is indicative of the contact pressure a particular 
lubricant/metal system can withstand (final contact pressures for 
the P6,6,6,14BEHP/MO blend are shown in the supplementary 
information).  
 This initial wear also produces wear debris, which can lead to 
abrasive wear if the lubricant cannot protect the surface. The SEM 
images in Figure 8 show a gouged surface for the neat MO 
lubricated sample caused by abrasive wear. This indicates that the 
lubricant was not able to prevent further material removal from the 
aluminium and this wear debris then accelerates the wear and 
results in unstable friction. In comparison a MO/IL blend lubricated 
sample exhibited a smooth surface, which together with the low 
friction and wear, indicate that the lubricant was able to protect the 
aluminium surface from any abrasive wear. 
 It is interesting to note from the friction traces that, for both ILs at 
0.20mol/kg an abrupt decrease in the friction can be seen. Since the 
XPS depth analysis showed that phosphorous did not extend far 
into the sample but only formed after the initial wear-in period, this 
abrupt drop in friction could indicate the formation of the 
phosphorous containing compounds on the surface.  
 The XPS depth analysis results for P66614BEHP blended in MO 
show that, regardless of the amount of IL present, a similar amount 
of phosphorous formed on the wear scar, suggesting a similar 
amount of AlPO4. However the wear and friction reduces as IL 
loading increases, so the formation of phosphorous containing 
tribolayers may not be the only contribution of the ILs. The ability of 
the IL to react with the surface to form a protective tribolayer and 
the ability of the IL to adsorb to the surface and form low shear 
layers may both be important in reducing the wear of the aluminium 
alloys at the loads tested. The formation of adsorbed IL layers at 
metal surfaces has been established in fundamental studies using 
surface force apparatus (SFA) and atomic force microscopy (AFM) 
but has yet to be confirmed under tribological conditions as this is 
difficult to do in-situ.11, 41, 42 Also, most wear surface analysis 
techniques such as XPS require thorough cleaning of the surface that 
removes these adsorbed layers.40 Following a study of ILs in rolling 
and sliding contacts, Arora and Cann 40 suggested that IL lubrication 
is complex, finding bonded films in the wear scar with chemical 
compositions very similar to the IL even under boundary lubrication 
conditions.  
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5. Conclusion 
The structure and inter-ionic interactions of an ionic liquid have 
been shown to be important in determining how it will blend into a 
base oil. Most long alkyl chain phosphonium cation ILs were found 
to be miscible in polar base oils such as vegetable oil. For non-polar 
base oils, such as mineral oil, phosphonium ILs with increased ion 
pairing as well as long alkyl chains on both anion and cation were 
found to be miscible. 
 In order to reduce wear, the data suggests that the IL additive 
ions in a base oil need to be free (i.e., not strongly associated with 
one another or the base oil molecules) in order to adsorb at the wear 
surface effectively. The performance of the blended lubricants was 
also dependent on the individual performance of the base oils. For 
instance if a base oil showed excessive friction and wear, then 
adding IL up to 0.20mol/kg did not improve its performance. 
However, if a base oil was able to endure without transitioning to 
high friction and wear, then IL additives were able to greatly reduce 
the wear depth as well as the friction. In polar base oils, relatively 
large amounts of IL were required to achieve this at a 5N load. In 
contrast, for non-polar base oils, smaller amounts of IL resulted in 
drastic reductions in aluminium wear at a 10N load. At higher loads 
the amount of IL required to significantly reduce the wear was high, 
at least 0.10mol/kg, or 7-9wt%. 
 While it is difficult to determine the ILs exact mechanism of 
protection, following XPS analysis, it is proposed that the dual 
abilities of an IL to form protective tribolayers and to migrate to the 
contact area and adsorb to the metal surfaces to form low shear 
layers are important in reducing friction and wear.  
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Supplementary Information 
Table 1: Final contact pressures calculated for MO/P6,6,6,14BEHP blends, 
tested at 20N for 500m at 0.2 m/s 
Mineral Oil with P6,6,6,14BEHP blend Final Contact Pressure (GPa) 
Neat Mineral Oil 0.32 
MO+0.01mol/kg P6,6,6,14BEHP 0.30 
MO+0.02mol/kg P6,6,6,14BEHP 0.34 
MO+0.05mol/kg P6,6,6,14BEHP 0.37 
MO+0.10mol/kg P6,6,6,14BEHP 0.56 
MO+0.20mol/kg P6,6,6,14BEHP 0.71 
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Table 2: Full XPS Results 
Sample Wear 
Surface 
Element Atomic % (major peak position, eV) 
O 1s C 1s Al 2p P 2p Zn 2p 
P66614BEHP 49.3 (531.9) 
18.5 
(285.0) 
28.9 
(75.1) 
3.0 
(133.5) 
0.2 
(1022) 
P66614BEHP 
0.05mol/kg in MO 
43.3 
(531.4) 
27.6 
(285.0) 
26.6 
(75.5) 
2.1 
(133.5) 
0.4 
(1021) 
P66614BEHP 
0.20mol/kg in MO 
42.1 
(531.4) 
22.9 
(285.0) 
29.4 
(74.8) 
2.6 
(132.5) 
0.5 
(1021) 
P66614BEHP 
0.05mol/kg in PAO 
49.1 
(531.1) 
18.7 
(285.0) 
29.7 
(74.6) 
2.5 
(134.0) - 
P66614BEHP 
0.20mol/kg in PAO 
48.5 
(531.4) 
19.2 
(285.0) 
29.5 
(74.9) 
2.6 
(133.9) 
0.3 
(1021) 
P66614(iC8)2PO21 48.9 (531.3) 
24.2 
(285.0) 
16.2 
(75.5) 
5.3 
(133.5) 
1.0 
(1021) 
P66614(iC8)2PO2 
0.20mol/kg in MO 
45.4 
(531.6) 
27.5 
(285.0) 
23.9 
(74.7) 
2.4 
(133.4) 
0.9 
(1022) 
P66614(iC8)2PO2 
0.20mol/kg in PAO 
49.7 
(531.9) 
18.4 
(285.0) 
29.5 
(74.9) 
2.0 
(133.3) 
0.5 
(1021) 
MO 46.9 (531.7) 
25.4 
(285.0) 
27.4 
(74.9) - 
0.3 
(1021) 
PAO 49.0 (531.6) 
21.5 
(285.0) 
28.4 
(75.0) - 
1.0 
(1021) 
1The P66614(iC8)2PO2 wear scar also showed the presence of Na and Ca. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: XPS depth profile of aluminium oxide and aluminium metal on 
     MO+P6,6,6,14BEHP lubricated wear surfaces. 
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7 SUMMARY AND RECOMMENDATIONS 
This chapter presents an overview of the findings made in the 
individual publications presented and how they fit into the current 
knowledge in the field. From the findings made a logical extension 
of the research is suggested. 
7.1 Summary  
In this thesis the use of ionic liquids as lubricants for aluminium in 
moving contact with steel has been investigated. Various anion and 
cation configurations have been investigated both in the neat state 
and as anti-wear additives in a range of base oils. 
 In the first phase of research a range of trihexyl(tetradecyl) 
phosphonium cation based ionic liquids were identified as potential 
ionic liquid lubricants for steel on aluminium based on the long 
alkyl chains on the cation and the elements present in the anion. 
These ILs were then tested as neat lubricants, with those ILs 
containing a phosphorus anion, P6,6,6,14DBP, P6,6,6,14BEHP, 
P6,6,6,14i(C8)2PO2 and P6,6,6,14DPP, being used in a tribology application 
for the first time, while the P6,6,6,14NTf2 had never been applied to the 
steel/aluminium system. In comparison to a fully formulated diesel 
engine oil, all samples lubricated with ILs, except P6,6,6,14DBP, 
exhibited much lower friction and wear. Three of the ILs in 
particular, the P6,6,6,14DPP, P6,6,6,14NTf2 and P6,6,6,14Br showed excellent 
lubricating properties. The P6,6,6,14Br lubricant resulted in the lowest 
friction, but also showed signs of tribocorrosion on the steel ball, 
and this corrosion product may have been responsible for the low 
friction observed. The structure of  
 
 
 
 
 
 
 
 
 
Figure 7.1: Cation (a) Trihexyl(tetradecyl) phosphonium (P6,6,6,14) and 
anions (b) Bis(trifluoromethanesulfonyl)amide (NTf2) and (c) 
Diphenylphosphate (DPP) of the ionic liquids P6,6,6,14NTf2 and 
P6,6,6,14DPP that exhibited low friction and wear in the first 
phase of testing. 
7 
(a) P6,6,6,14 cation 
(b) NTf2 anion (c) DPP anion 
7 Summary and Recommendations 
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the phosphonium cation and the NTf2 and DPP anions are shown in 
Figure 7.1. The particular structure of the DPP anion, with its phenyl 
rings, was proposed to form a flat, layer structure that is easily 
sheared and so leads to low friction and wear. 
 Following on from the preliminary research results, the P6,6,6,14DPP 
and P6,6,6,14NTf2 ILs were further tested. At loads up to 30N the 
P6,6,6,14DPP lubricated samples showed lower friction and wear than 
those lubricated with P6,6,6,14NTf2, with both showing much lower 
friction and wear than samples lubricated with the fully formulated 
diesel engine oil. EDX analysis of the wear surfaces showed the 
presence of elements particular to the ILs, suggesting that tribofilms 
were forming on the wear surfaces. It is probable that these 
tribofilms were contributing to the low friction and wear observed. 
At 40N however, the P6,6,6,14DPP and diesel engine oil samples could 
no longer withstand the load and transitioned to very high friction 
and wear, while the samples lubricated with P6,6,6,14NTf2 continued to 
show low friction and wear. Typical friction traces for the wear tests 
at 40N are shown in figure 7.2. It was suggested that the P6,6,6,14NTf2 
was able to form a thicker and/or more tenacious tribolayer. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2: Friction trace showing failure of P66614DPP at 40N. 
Reproduced from 1 with kind permission from Springer 
Science and Business Media.  
 The initial study concentrated on ILs with the trihexyl- 
(tetradecyl)phosphonium (P6,6,6,14) cation and various anions. 
Following on from this, ILs containing the anions that had 
performed well in these initial sudies, NTf2 and DPP, combined with 
various phosphonium, pyrrolidinium and imidazolium cations, 
were tested as lubricants for steel on aluminium. Another anion, the 
highly perfluorinated tris(pentafluoroethyl)-trifluorophosphate 
(FAP), was also investigated with these cations.  
In general, the phosphonium and pyrrolidinium cations 
outperformed the imidazolium cation, while the FAP and DPP 
anions showed lower wear than the NTf2 anion. It was proposed 
that the more localized charge on the pyrrolidinium and 
!"#"#"#$%&!!'
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phosphonium cations, as compared to the charge on the 
imidazolium cation, resulted in a stronger adsorption of these 
cations to the aluminium surface.  
 Following further analysis of the P6,6,6,14 DPP and P6,6,6,14 NTf2 
lubricated wear surface with nano-indentation, FIB-SEM and XPS it 
was suggested that the P6,6,6,14 DPP IL lubricant was able to form a 
more consistent but thinner tribofilm than P6,6,6,14 NTf2. The FIB-SEM 
image of the incomplete tribofilm formed on P6,6,6,14NTf2 is shown in 
figure 7.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3: FIB-SEM image showing incomplete coverage of tribofilm 
from P6,6,6,14NTf2 lubricant on Cu-rich precipitates of 2024Al. 
Reproduced from 2 by permission of the PCCP Owner 
Societies.  
 In the final paper presented in this thesis, the most 
comprehensive study on ionic liquid miscibility in base oils to date 
was conducted. Most of the ILs tested in the previous studies, as 
well as a novel IL, P6,6,6,14SSi, were blended with a range of base oils 
with the aim of determining factors that affect the miscibility and 
wear performance of ILs as anti-wear additives.  
 The structure of both the ionic liquid and the base oil was found 
to influence the miscibility for a given system. For the ILs, longer 
alkyl chain lengths on both the anions and cations and greater 
interionic interactions between the anions and cations led to 
increased miscibility. To be miscible in a base oil the additive 
structure should closely match that of the oil, hence ILs with long 
alkyl chains will more closely match the oil, while oils do not 
contain charged species, so the more neutral the IL the better chance 
of it being miscible. The polarity of the base oils affects the 
miscibility, with the more polar oils resulting in miscibility of some 
of the less neutral ILs.  
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 The wear performance of the miscible blends showed that the 
cations and anions of the IL need to be free to adsorb to the wear 
surface and form protective layers and tribofilms, which somewhat 
contradicts the need for interaction between the anion and cation to 
improve the miscibility. It was also found that, if the IL interacts 
with the base oil, as seems to be the case for the fluorine containing 
ILs, then it is not free to adsorb to the surface and so will have little 
effect on the friction and wear as compared to the base oil alone. An 
impression of how the ability of an IL to form layers on the surface 
may be affecting the friction is shown in figure 7.4. 
 Following XPS analysis of selected wear scars it was proposed 
that the ability of the IL to adsorb to the wear surface and form low 
shear layers was at least as important in preventing wear as its 
ability to react with the surface and form protective tribofilms.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4: Impression of how IL concentration in base oil affects friction.
7.2 Recommendations 
The first study by Ye, Liu, Chen and Yu 3 evaluating ionic liquids as 
lubricants compared the wear performance of two alkylimidazolium 
tetrafluoroborates to traditional lubricants, thus demonstrating that 
this was a valid application for ILs. As the field has matured, the 
depth of knowledge concerning the use of ILs as lubricants has 
increased such that the level of analysis and understanding required 
has increased. It is now no longer enough to present the findings of 
a small number of ILs, without comparison to known systems, even 
if one of them is unique to the application, unless its performance is 
outstanding. There now needs to be a systematic variation of a 
family of ILs so that conclusions on the properties required of an IL 
lubricant can be made.  
 There is also a need to investigate how ILs protect the surface 
during the wear process. Through surface analysis such as XPS, 
conducted after wear testing, it has been well established that ILs are 
capable of reacting with the wearing surface to form protective 
tribolayers. However, while it is suggested that they also form 
adsorbed layers on the surface that can reduce the friction and wear, 
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the evidence of such layers has proven to be elusive. The existence of 
these layers has been suggested due to the ionic nature of the IL 
molecules and scant evidence from XPS analysis of the wear scar, 
however the preparation required for surface analysis usually 
removes any adsorbed layers, just leaving behind the chemically 
reacted tribofilms. Since beginning the research encompassed by this 
thesis there have been a number of fundamental studies probing the 
structure of ILs in confined geometries and on metal surfaces. Perkin, 
Albrecht and Klein 4, using a surface force balance, showed an 
increase in force as the surface separation between two atomically 
smooth mica surfaces coated with IL decreased to less than 2nm 
apart. This increase in force was proposed to be due to structuring of 
the ILs at the mica surfaces. They also recorded friction coefficients 
much lower than any standard hydrocarbon lubricant and attributed 
this to a low shear stress required to slide the IL ion layers past each 
other while these ions maintained strong coloumbic interactions 
with the mica surfaces. Using atomic force microscopy (AFM) Atkin 
et al. 5 probed a Au(111) surface coated in IL and found abrupt 
increases in the approach force, which they attributed to coherent 
layers of IL anion and cation. Some of the trends seen from this 
fundamental testing also correlate well with wear test results, so the 
layering of ILs at the surface during wear can be inferred. For 
instance Perkin et al. 4 found that an increase in alkyl chain length on 
the cation leads to increased force of approach due to increased 
layering effect and wear testing has shown lower friction and wear 
as alkyl chain length on the cation is increased. Also, Atkin et al. 5 
showed that pyrrolidinium cations resulted in increased approach 
forces relative to imidazolium cations, and pyrrolidinium cation ILs 
lead to reduced friction and wear in wear tests compared to 
imidazolium cations. However, there is still a large gap in the 
knowledge between the documented behaviour of an IL on an 
atomically smooth surface and IL interactions in even the most 
simple tribological experiments, such as a pin-on-disk test, in which 
increased pressure and temperature, rough surfaces and wear 
complicate the process. Figure 7.5 shows a proposed model of the 
protection mechanisms for neat ILs on the aluminium surface 
during wear tests at different loads. There is a need to investigate 
the structure of the IL throughout such an applied test so that the 
behaviour seen in the fundamental tests can be confirmed for 
practical applications, as well as how this layering contributes to the 
reductions in friction and wear observed.  
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Low loads: 
• hydrodynamic lubrication 
• fluid pressure between moving parts keeps them separated 
 
 
 
 
 
 
 
 
 
Moderate loads: 
• boundary lubrication 
• IL anions adsorb to surface, anions and cations form protective layers 
 
 
 
 
 
 
 
 
 
Increased loads:  
• extreme pressure  
• IL squeezed out  
• increased pressure and temperature  
• asperities contact  
• IL breakdown and reaction to form protective tribofilm 
Figure 7.5: Proposed method of protection of neat ionic liquids 
 In the final phase of research the viability of using ILs as anti-
wear additives in base oils was studied. From conductivity and 
miscibility results, it was suggested that the ion association between 
the IL anions and cations was influencing the miscibility of the ILs in 
the base oils and their ability to migrate to the wear surface. Ideally 
the IL structure should be tailored so that there is just enough 
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interaction between the cations and anions to result in the desired 
level of miscibility in a base oil and yet the ions should still be free to 
migrate to the wear surface. The results of viscosity, conductivity 
and wear tests also suggested that the fluorine containing anions 
were bonding with the base oils, reducing their effectiveness. Both 
of these effects need to be confirmed using spectroscopy techniques 
such as nuclear magnetic resonance. Fluorine NMR could give an 
indication of any change in the bonding environment as a result of 
interactions between the fluorine and the base oil.  
 Another area of research that would shed light on the IL 
mechanism of protection is the application of an external electric 
field to bias the wear surfaces. Using interferometry techniques to 
observe the film thickness of ILs between a chromium coated glass 
disk and a steel ball, Xie Luo, Guo and Liu 6 applied an external 
electric field and found that the IL film thickness increased. They 
proposed that the increase in thickness was due to the formation of 
more anion/cation layers due to the biasing of the surface. Hayes et 
al.7, again using AFM to measure the approach force, polarised the 
Au(111) surface and found that there were more discernable layers 
that required a greater force to push through, especially when the 
surface had a negative bias. If the application of an external electric 
field during wear testing could increase the lubricant film thickness 
it may have an affect on the friction observed. This could confirm 
that the formation of IL anion/cation layers are important in 
protecting the surface, as well as leading to a possible method of 
further reducing the friction in certain applications. 
 The ILs that have proven to reduce friction and wear on 
aluminium should also be tested on other substrates, such as 
steel/steel. The phosphorus based anion materials, such as diphenyl 
phosphate, could be especially suitable as they have a similar 
structure to current anti-wear additives, such as zinc dialkyl 
dithiophosphate (ZDDP) and tricresylphosphate (TCP), whose 
structures are shown in figure 7.6. Others have recently trialled 
some of the phosphonium cation and phosphorus anion based ILs 
documented here as anti-wear additives for steel on cast iron, where 
they exhibited much lower wear than the traditional additives.8, 9 
They suggested that, since the IL phosphorus based anion is already 
in an ionic form it would readily react with the metal surface, as 
opposed to the ZDDP additive, which requires high temperature 
and pressure to breakdown into a similar form before it is able to 
react. 
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Figure 7.6: Structure and nomenclature for traditional anti-wear 
additives; (a) Zinc dialkyldithiophosphate (ZDDP) and (b) 
Tricresyl phosphate (TCP). 
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METHODOLOGY 
In this section the experimental techniques used across the thesis are 
documented. Where applicable, comments on how and why a 
particular technique may have changed throughout the course of the 
research have been included. The experimental techniques 
employed throughout this work were chosen in order to evaluate 
and characterise ionic liquids, both in the neat state and as additives, 
as lubricants for steel on aluminium. To determine the performance 
of the ionic liquids as lubricants, wear testing was undertaken on a 
pin-on-disk tribometer and the amount of wear occurring was 
measured using profilometry. Optical microscopy and scanning 
electron microscopy (SEM) were then used to examine the worn 
surfaces to determine the types of wear occurring. In order to 
establish the mechanism of protection for ILs as lubricants, the 
chemical state of the wear surface was probed using energy 
dispersive X-ray spectroscopy (EDX) and X-ray photo-electron 
spectroscopy (XPS). The mechanical properties of the tribofilms 
formed on the wear surfaces were also evaluated using nano-
indentation measurements.  
8.1 Wear Testing 
All wear tests were of the rotating pin-on-disk type conducted on a 
Nanovea tribometer, as shown in Figure8.1. The pin was a 100Cr6 
bearing steel ball 6mm in diameter, while the disk was the 
aluminium alloy AA2024-T3. The composition of both is given in 
Table 8.1. For the first two papers documented here the aluminium 
disks were cut from sheet, while subsequent studies used 
aluminium cut from rod. No difference was noted between the wear  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Nanovea Tribometer 
8 
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results from the aluminium plate and rod. The steel balls were used 
as received while the aluminium disks were polished to a roughness, 
Ra, of 0.09µm, according to ASTM G99. For each study the wear test 
conditions were varied, depending on what was required to 
distinguish the various test lubricants from each other. For the neat 
IL studies, loads from 5-40N were initially used at a rotating speed 
of 0.2 ms-1. In later studies, many of the ILs chosen were all showing 
similar, low wear rates at the maximum load of 40N, so to increase 
the severity of the test the speed of rotation was reduced to 0.1ms-1. 
When testing ILs as additives to various base oils the maximum test 
load for the base oils and the blends had to be reduced, since at 40N 
they all showed similar, high friction and wear rates. Some of the 
base oils and their blends worked well at 5N, while others were able 
to cope with a maximum load of 20N. 
Table 8.1 Composition, hardness and roughness of alloys 
Elemental 
Composition 
(wt%) 
Alloy 
AA2024 100Cr6 
C – 0.98–1.10 
Cu 3.8–4.9 – 
Si 0.5 max 0.15–0.3 
Mn 0.3–0.9 0.25–0.45 
Mg 1.2–1.8 – 
Cr 0.1 max 1.3–1.6 
Zn 0.25 max  
Ti 0.15 max  
S – 0.025 max 
P – 0.025 max 
Others 0.15 max – 
Fe 0.5 max Balance 
Al Balance – 
Hardness (Vickers) 145 850 
Ra (µm) 0.09 0.05 max 
8.2 Profilometry 
For the first 2 papers documented in Chapter 3 & 4 a Dektak 150 
stylus profilometer was used to measure the wear depth on the 
aluminium disks. The wear scar depth from the circular wear tracks 
was measured at 12 equally spaced locations. A Bruker GT-K1 
Optical Profiler was used to measure wear depths for the 
subsequent papers. Images of the wear tracks were taken at 4 
locations, top, bottom, left and right, and 4 profiles from each image 
were used to get a total of 16 wear depths from each sample. For 
both profiling methods the aluminium surface some distance either 
side of the wear scar was used to set the zero height and to level the 
scans.  
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8.3 Scanning Electron Microscopy  
For the first two papers a JEOL JSM-840A was used to obtain images 
and EDX spectra of the worn surfaces. An accelerating voltage of 10-
20kV was used for imaging. For EDX the voltage was reduced to 
5kV to reduce the interaction volume, which increases the surface 
sensitivity of the technique. 
!"#$%&'$
An FEI Quanta 3D FEG was used to obtain focused ion beam-
scanning electron microscopy (FIB-SEM) images. The FIB was used 
to carve a trench along the wear scar so when the sample is tilted the 
microscope can obtain a profile of the wear scar from the surface 
down into the bulk. Initially it was hoped that a profile of the wear 
scar obtained using FIB-SEM would be able to image the tribolayer 
formed. Nehme, Mourhatch and Aswath 1 were able to use FIB-SEM 
to image a 180nm tribolayer formed on steel, while Qu et al. 2 used 
TEM to image the tribofilm formed on aluminium. However, in this 
study, even at the highest resolution available no tribolayer could be 
distinguished from the bulk.  Figure 8.2 below shows a FIB-SEM 
image of P66614FAP lubricated aluminium wear scar tested at 40N 
and 0.1m/s. Under these conditions, this particular IL resulted in 
low wear and friction, suggesting that a protective tribolayer had 
formed. EDX and XPS analysis also detected compounds on the 
wear scar consistent with the formation of a tribolayer. This suggests 
that the transition between the bulk and the tribofilm is either too 
gradual to be distinguished, or the layer is too thin, somewhere less 
than 20nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: FIB-SEM image of P6,6,6,14DPP lubricated wear scar 
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8.4 X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) analysis for the PCCP 
paper included in Chapter 5 was performed at the Australian 
Synchrotron, Victoria, Australia on the soft X-ray beamline. One of 
the advantages of synchrotron XPS is the ability to reduce the 
excitation energy below what can be used in the laboratory-based 
equipment as this reduces the interaction volume and so increases 
the surface sensitivity of the analysis. Survey scans were completed 
using excitation energies of 1486.6eV and 790eV. For region scans an 
excitation energy of 790 eV was used. Survey scans at 1486.6eV were 
completed so that elemental quantification could be undertaken 
using relative sensitivity factors for each element that have been 
developed from years of research on laboratory based equipment. 
The survey scan at 1486.6eV also ensured that the chances of missing 
any unexpected elements when scanning at lower excitation 
energies were minimized. The excitation energy of 790eV was 
chosen as it is enhancing surface sensitivity as compared to 1486.6eV, 
while still being high enough to include all the elements of interest, 
with one of the key elements, fluorine, having a major analysis 
binding energy peak around 686 eV.  
 XPS analysis for the final paper, included in Chapter 6 was 
performed at LaTrobe University, Melbourne, Australia. The 
instrument used was a Kratos Nova with an Al K! energy source at 
1486.6eV. Scans were conducted using an anode voltage of 15kV and 
a current of 10mA. The pass energy was set to 160eV for survey 
scans and 20eV for high resolution scans. The binding energy was 
calibrated by referencing the charge to the hydrocarbon C 1s peak at 
285.0eV.
8.5 Nano-Indentation 
Nano-indentation tests were conducted on a Hysitron Tribolab 
equipped with a Berkovich tip. During testing the load was 
incrementally increased from 1 to 2000mN, with partial unloading 
after every increase, as shown below in Figure 8.3. The material 
response during the partial unloading curves were analysed to 
calculate the hardness and modulus of the tribofilms with depth of 
penetration. 
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Figure 8.3: Nano-indentation load cycle. 
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APPENDIX 1 – ADDITIONAL PUBLICATIONS 
The following paper explores materials similar to those covered 
in this thesis but is not directly related to the research path. The 
paper documents the development of ortho-borate 
phosphonium ionic liquids as lubricants for the aluminium-steel 
system.  
Reproduced from Phys. Chem. Chem. Phys., 2011,13, pp 12865-
12873 with permission from the PCCP Owner Societies. 
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APPENDIX 2 – CHAPTER 6 PUBLISHED PAPER 
Included here is the published form of the paper written for 
Chapter 6, entitled ‘Ionic Liquids as Antiwear Additives in Base 
Oils: Influence of Structure on Miscibility and Antiwear 
Performance for Steel on Aluminum.’ 
The published version included here is a minor revision of what 
is presented in Chapter 6. This revision was written and 
accepted while the thesis was being examined. 
Reprinted with permission from ACS Appl. Mater. Interfaces, 2013, 
5 (22), pp 11544–11553. Copyright 2013 American Chemical 
Society. 
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